Here we present a novel multi-modal imaging method, electromagnetic-acoustics (EMA) that combines acoustic radiation force and electromagnetic scattering. Experiments were carried out in gels using a focused megahertz ultrasound source, amplitude modulated at 160 Hz, to create an oscillating radiation force resulting in vibration of the gel in the focal region. At the same time a 434 MHz EM signal was transmitted into the gel and the backscattered EM signal recorded. The tissue that was in motion resulted in a Doppler shift of the EM signal which manifested itself as frequency modulation of the EM wave. The modulated component was detected by means of a demodulator and lock-in amplifier and the amplitude of the modulated signal we call the EMA signal. By steering the ultrasound beam through the sample an EMA image can be created which has spatial resolution of the ultrasound but is sensitive to shear and dielectric properties. We show that the EMA signal is sensitive to changes in elasticity in a gel and conductivity in a sheep kidney. EMA may have utility in biomedical imaging by detecting diseases which have contrast in dielectric properties without the cost and complexity of an magnetic resonance imaging system.
INTRODUCTION
Imaging in the body is important for the detection and diagnosis of disease and for the monitoring of treatment. Ultrasound imaging is a real-time imaging modality that is portable, relatively cheap and has wide acceptance within the community. Although it yields useful structural images, extracting tissue properties is still a challenge and results can be operator dependent. In comparison magnetic resonance imaging (MRI) gives excellent tissue demarcation but it is expensive, not portable and relatively slow. X-ray computed tomography (CT), positron emission tomography (PET) and single photon-emission computed tomography (SPECT) also provide excellent images but are also slow, expensive and employ ionizing radiation.
Many pathologies in the body result in changes to both the dielectric properties of the tissue [O'Rourke 2007] and the shear modulus (shear stiffness) of the tissue [Parker 2011 ]. Here we present a novel multi-modal imaging method, electromagnetic-acoustics (EMA), that combines acoustic radiation force and electromagnetic scattering to detect changes in dielectric properties and the shear modulus of tissue.
METHODS
In EMA a focused ultrasound source is amplitude modulated which causes a localized oscillatory displacement of the tissue as is done in acoustic radiation force (ARF) based imaging [Fahey 2004 , Maleke 2008 . The amplitude of the displacement depends on the ultrasonic attenuation and stiffness of the tissue. At the same time the tissue is illuminated with an EM wave which is scattered by inhomogeneities in the tissue. However, the tissue region that is oscillating due to the acoustic radiation force will induce a Doppler shift on the scattered EM wave, and with matched filtering, the Doppler signal can be detected and this is referred to as the EMA signal [Zhao 2008 ]. The EMA signal is spatially localized to the ultrasound focus and changes in the EMA signal correspond to variations in the local dielectric properties and the stiffness of the tissue. Figure 1 shows the configuration of the components used in the EMA system that we have developed. The ultrasound transducer consisted of a 5 MHz focused transducer with a 160 Hz square wave modulation. A radio-frequency surface coil is mounted around the outside of the ultrasound transducer and acts to both transmit and receive the electromagnetic (EM) signals at 434 MHz. The Doppler shifted signal was detected by means of a demodulator which uses a phase-locked loop to shift the 434 MHz to baseband and then the 160 Hz sidelobe is extracted by use of a lock-in amplifier that is synched to the 160 Hz envelope. The output from the lock-in amplifier we refer to as the EMA signal. By steering the ultrasound beam through the sample an EMA image can be created which has spatial resolution of the ultrasound but is sensitive to shear and dielectric properties. FIGURE 1. Illustration of the basic EMA system. A focused transducer induces a radiation force on the tissue which results in localized motion of the tissue. An EM signal is simultaneously transmitted into the tissue and the scattered EM signal detected. The scattered EM signal that has interacted with the vibrating tissue at the ultrasound focus will be Doppler shifted.
Figure 3.1: illustrating the principle of the system simulated using the finite element model. A focused US transducer generates acoustic radiation force within tissue. The radiation force is at a maximum within the focal region and thus results in maximum displacement here. Energy is dissipated in the form of shear wave propagation in the radial direction. By pulsing the acoustic radiation force, a time-varying displacement in the focal region can be used to induce a phase-shift in the scattered EM wave. A detection system may then be used to detect this shift and infer the mechanical properties of tissue from this. 
RESULTS
Preliminary work has been carried out with agar based tissue phantoms, with a stiffness ranging from 900 Pa to 8500 Pa. Figure 2 shows the EMA signal measured as a function of stiffness. It can be seen that the EMA signal decreases linearly with stiffness which is consistent with the expected decrease in elastic response in the stiffer phantoms. 
DISCUSSION AND CONCLUSIONS
These data demonstrate the feasibility of EMA to detect differences in stiffness and conductivity in phantoms and in tissue. The penetration depth of EMA depends primarily on the ultrasound as EM frequencies around 400 MHz suffer from less attenuation in the body than megahertz ultrasound. The presence of other scattering objects in the body, e.g., ribs and lung, that are not in the ultrasound focus do not affect the EMA as they do not produce a Doppler shifted signal. Therefore regions in the body which have soft tissue paths for ultrasound propagation can be imaged with EMA at relatively low cost. EMA may have utility in biomedical imaging by detecting diseases which have contrast in dielectric properties without the cost and complexity of an magnetic resonance imaging system.
